Proceedings of International Conference on Civil Engineering Research & Innovations, 12 - 14 December 2025,
Rajshahi University of Engineering & Technology, Rajshahi, Bangladesh

Paper ID: 434

A Comprehensive Review on The Flexural Performance of Concrete-
Filled Steel Tubular Members

S. J. Oishil, A. Tasnim?, M. T. T. Lina®, N. Binte Shahid*

!Department of Civil Engineering, BUET, Bangladesh (shamsyeaoishi@gmail.com)

2Department of Civil Engineering, BUET, Bangladesh (1024042111 @Ce.buet.ac.bd)

3Department of Civil Engineering, BUET, Bangladesh (1024042131@Ce.buet.ac.bd)
“Department of Civil Engineering, BUET, Bangladesh (nishatee@ce.buet.ac.bd)

Abstract

Steel-concrete composite members, particularly concrete-filled steel tubular (CFST) members, are increasingly
used in the construction industry because of their superior structural performance. This paper aims to provide a
comprehensive review of the flexural performance of CFST members (beam, column, girder, etc.). Composite
action of steel and concrete in the CFST beam offers the possibility for stress redistribution in steel and concrete,
leading to high flexural capacity and ductility. CFST columns may experience failure of the outer concrete when
subjected to combined compression and bending (i.e., compression-controlled or tension-controlled). Composite
action significantly influences flexural behavior under corrosion by preventing local buckling of the steel tube
and transferring the bending moment to the core concrete. In a composite girder, the compressive strength of the
infill concrete shows a limited effect on the flexural strength. However, the flexural strength of the girder without
infill concrete is very low. CFST members have high flexural capacity, ductility, and durability, which can be a
sustainable and economic solution in the construction industry. These findings contribute to the optimized
design, construction, and maintenance of CFST structures, particularly in applications such as bridges, high-rise
buildings, and marine environments, where enhanced flexural performance and durability are critical.
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1 Introduction

Steel-concrete composite systems have become popular because of the benefits of connecting the two building
components. Reinforced concrete is costly, extensive, and rigid, while steel components are sturdy, lightweight,
and easy to manufacture. Composite systems remove the requirement for formwork in decks, which has led to
the use of composite elements in civil engineering practice as columns, bridges, piers, and caissons. Other
research has also been conducted on the behavior of concrete-encased CFST box members under bending (Han
et al., 2015). For columns, two systems are commonly used: concrete-filled tubes (CFTs) and steel reinforced
concrete (SRC) (Spacone & EI-Tawil, 2004). Another two types of composite columns, which many researchers
have studied, are fully encased composite (FEC) columns (Kartheek & Venkat Das, 2020; Melesse et al., 2023)
and partially encased composite (PEC) columns (Begum, 2008). CFST members work exceptionally well under
compression due to the synergistic interaction between steel and concrete (Hu et al., 2003; Liu & Gho, 2005; Z.-
B. Wang et al., 2017; Yang & Han, 2012). The outer steel tube resists tension and bending while enhancing
stiffness, and the inner concrete core delays inward buckling and improves overall structural behavior (F. W. Lu
et al., 2007). Moreover, researchers have recently focused on how the flexural performance of composite
structures can be improved under different loads. Because of higher ductility, energy absorption, and higher load-
carrying capacity before buckling begins, CFST members have been recently widely used in buildings and
bridges (Kang et al., n.d.; Nakamura et al., 2002). Further research was also conducted on the CFST composite
girders' flexural strength and the internal shear connectors' flexural performance effects (Cho et al., 2018). The
parametric studies have led to the development of simplified equations for predicting the flexural strength of
CFSTs, facilitating their design and application in engineering projects, such as, behavior of normal strength
CFST members subjected to various loading conditions (Han, 2004; Han et al., 2006; Uy, 2000, 2001), using
carbon fiber—reinforced polymer (CFRP) fabric sheets to strengthen steel and CFST members (Al Zand et al.,
2018; Colombi & Fava, 2015), also in different environmental conditions, such as, exposure to fire (Tao et al.,
2007), or high salinity (Y.-H. Wang et al., 2020), differences in load transfer mechanisms between rectangular
and circular CFST members, noting that the oblique angle of diagonal ties changes with varying shear-span-to-
depth ratios (Ding et al., 2024; R. Wang et al., 2014), concrete-filled hollow structural steel sections (Han, 2004;
Y. Q. Lu & Kennedy, 1994) and circular steel tubes (Elchalakani et al., 2001) focusing on the geometrical
aspects of CFSTs. For better performance under bending, extensive research has been conducted on stiffened
CFST beams (Probst et al., 2010) and columns (Tao et al., 2005). The novelty of this review lies in its
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comprehensive analysis and a synergistic view for continued research into the flexural behavior of CFSTs,
especially concerning the performance of larger sections in practical applications under various loading
conditions, the effects of geometry, confinement, corrosion, internal shear connectors, stiffening methods on the
composite action, and strengthening techniques, and existing research gaps.

2 Methodology

Recent studies have increasingly focused on CFST applications in large-scale construction due to its high
strength and ductility. However, many of these findings have not been systematically reviewed or integrated into
existing CFST databases. This review aims to identify, synthesize, and critically evaluate such variations to
better understand CFST performance. An overview of the methodology is presented in Figure 1.

4.5. Flexural Strength and Stiffness
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Figure 1: Research framework of this study
3 Parametric Analysis

An analytical investigation on circular CFSTs was conducted using a concrete-damaged plasticity model to
analyze uniaxial tensile stress—strain behavior (H. Lu et al., 2009) and residual failure patterns of core concrete,
deformations of the steel tube, and stress-strain distributions in rectangular CFST sections using finite element
analysis (FEA) (R. Wang et al., 2014). The findings of this work were further validated by seventy testing results
of CFST beams reported in (Gho & Liu, 2004; Han, 2004; Han et al., 2006; Y. Q. Lu & Kennedy, 1994; Uy,
2000, 2001).

In addition, several experimental programs are also reviewed, including testing four full-scale CFT beams under
four-point load, mapping concrete cracks, and recording load, deflection, and steel strain (Probst et al., 2010).
Six CFST and two RC box members with varying heights, tested using two self-consolidating concrete mixes to
compare behavior and strength (Han et al., 2015), material and geometric effects on the flexural behavior of
square CFST beams by varying steel yield strength, concrete strength, tube width-to-thickness ratio, and
slenderness using S960 steels (Huang et al., 2020), cantilever steel-reinforced CFST specimens under vertical
and lateral loads with varying shear-span and axial compression ratios and different steel profiles (cruciform
shaped and I-shaped) (W.-D. Wang et al., 2021) are reviewed as well. Construction imperfections and connection
details were tested on 7 CFST beams with circumferential and spherical-cap gaps of varying ratios, comparing
stiffness, failure mode, and strength with gap-free beams (Liao et al., 2011). Additional tests on two specimens
(SC-P, FC-P) with simple and fixed connections under positive bending and one specimen (FC-N) with fixed
connections under negative bending analyzed flexural strength based on slab width-to-diameter ratios and shear
connectors (Cho et al., 2018).

Recent studies have also explored strengthening techniques and sustainable alternatives, i.e., CFST
circumferentially confined by CFRP for marine structures. The main parameters were the number of CFRP
layers, axial compression ratio, and the loading scenario (pure torsion, bending-torsion, and combined
compression-bending-torsion) (Y.-H. Wang et al., 2020), and recycled concrete aggregate (RCA) filled CFST
beams. Study parameters included RCA replacement percentage, source of RAC, eccentricity, slenderness, and
the steel-to-concrete area ratio (Chen et al., 2017). However, when large-scale CFST components are subjected
to flexure, concrete cracking in the tension zone becomes critical. To solve this shortcoming, this paper has also
reviewed a prestressed CFST concept (Zhan et al., 2016).
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4 Results

4.1 Composite Behavior

To understand the composite behavior of steel and concrete, H. Lu et al. (2009) reported that, at first, neither
steel nor concrete experienced any pressure on a CFST beam, implying no interaction. Interface pressure built up
as loading was continued to the elastic-plastic Region—earlier at top than bottom. The beams of smaller width-
thickness had greater contact pressure, resulting in increased steel confinement that contributed to stronger
concrete, greater ductility, and better overall performance. The load transfer of CFST beams with steel in tension
and concrete in compression can be effectively modelled using a strut-tie system, whose shear-span-to-depth
ratio spans between 1.5 and 6.0. Building on this understanding of internal pressure development and
confinement effects, researchers have also examined the role of shear connectors in enhancing composite action.
Without shear connectors, the composite action eventually lost its effectiveness for circular and rectangular
CFST beams. The peak moment of the circular CFST was significantly lower than the AISC nominal moment
capacity, while the rectangular CFST acted opposite. Shear connectors worked well, especially for the circular
shape, as only they reached nearly full composite action in both the elastic and inelastic deformation regimes.
Additionally, because of this, the AISC nominal moment capacity forecast was not conservative for circular CFT
beams without shear connectors (Probst et al., 2010).

4.2 Failure Mode

The failure mechanisms of CFST beams have been widely studied, emphasizing the role of infilled concrete in
preventing early local instability and enabling ductile behavior and ovalisation of steel, allowing full plastic
development and higher ductility compared to unfilled sections, which often fail from local buckling and
ovalisation. The main difference was that as the load increased, cracks in the core concrete of CFST beams
initially started uniformly but then moved toward load points with a major shear crack (H. Lu et al., 2009).
Small-sized sections collapsed due to tensile cracks and flexion, whereas thin sections buckled outward to the
compression direction. The plastic strain in the concrete increased as more load was applied, signifying cracking
in the tension and compression orientations (R. Wang et al., 2014). Local buckling began near 85% of peak load,
especially at lower shear span-to-diameter ratios (a/D = 2), causing crushing and deformation. Damage was
lighter at higher a,/D. Steel profiles showed bending at flanges but no buckling, indicating strong confinement
and mutual support between concrete and steel (W.-D. Wang et al., 2021).

High-strength concrete and steel specimens failed by crushing and plastic hinge formation near the loading point,
followed by tensile fracture of steel plates, though ultimate loads were little affected by concrete strength. (Li et
al., 2017). The reference hollow steel tube's overall flexural deflection was smaller than the CFST beams. A
higher gap ratio made the specimens more prone to local buckling (Liao et al., 2011). In another study, local
buckling was observed at around 3% deflection in negative bending (Cho et al., 2018). Experimental
comparisons with RC box specimens revealed distinct failure patterns. Specimens with comparatively higher
height experienced flexural-shear failure, while other specimens showed flexural failure. In both cases, vertical
cracks were observed in the bending segment, and diagonal cracks (minimal for short heighted specimens) in the
shear span. However, only flexural failure was found in RC box specimens, and one specimen collapsed because
of crushing at a concrete joint (Han et al., 2015). In another research, the moment vs. mid-span deflection curves
illustrated four stages for flexural-shear failure mode and three for flexural failure mode. Moment and stiffness
increased with a larger diameter, but crack width did not increase. However, greater height led to a higher cause
of stiffness and moment, as well as a reduction in ductility. The beam specimens failed in a ductile manner.
Ultimate moment (M,) in the CFSTs under bending corresponding to an extreme tensile fiber strain of the steel
tube of 0.01was found to be 18.55 kN-m for 100% replacement of RAC, which was 1.84 kN-m lower than the
actual average maximum moment (Chen et al., 2017). Finally, for CFST members strengthened with CFRP
designed for marine environment, under bending-torsion or compression-bending-torsion situations, significant
buckling of the steel tube at the bottom was seen. CFRP also burst during loading that were exposed to bending-
torsion or combined compression-bending-torsion and broke under stress along the steel tube's wave direction
once the peak load was attained (Y.-H. Wang et al., 2020).

4.3 Load-Strain/ Moment-Strain Relationship

The interaction between steel and concrete in CFST beams is crucial in defining their load-strain and moment-
strain behavior. Experimental observation showed that strain increased rapidly past the ultimate load, with steel
on the compression side failing first (W.-D. Wang et al., 2021). Further investigations highlighted the influence
of bending type on CFST composite girder strain distribution. Bending type affected strain distribution; positive
bending caused interface discontinuities, while negative bending was more linear (Cho et al., 2018). The moment
vs. strain of steel (M-g) curve of CFST beams could be divided into three stages, elastic, elastic-plastic, and
plastic from the FEA study on a rectangular CFST member. Initially, the moment and strain grew in a straight
line as cracks emerged on the tension side. Due to the yield action in steel, flexural stiffness was reduced:;
however, the bond between steel and concrete constrained crack enlargement. During the plastic stage, the steel
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continued to produce until ultimate strain on the tensile side, if it attained ultimate strain. Core concrete in CFST
beams added more to resisting moment than steel, increasing strength, stiffness, and ductility. CFST beams were
superior to hollow steel beams but had lower capacities as the width-to-steel thickness (B/t) and depth-to-width
(D/B) ratios increased (R. Wang et al., 2014).

4.4 Load-Displacement/ Moment-Curvature Relationship
The load-displacement and moment-curvature behavior of CFST beams has been widely studied to evaluate their
ductility and ultimate flexural performance. Experimental findings indicated that four stages for flexural-shear
failure mode and three for flexural failure mode were shown in the Moment vs. Mid-span Deflection (M—un)
curves. Moment and stiffness were increased with a larger diameter, but the crack width did not increase.
However, greater height led to a higher cause of stiffness and moment and a reduction in ductility (Han et al.,
2015). A comparative analysis of the peak M, of different members is shown in Figure 2. Comparative studies
between CFST and hollow steel sections showed notable differences. CFST beams with no gap reached higher
ultimate strength than CFST with circumferential and spherical-cap gap (Liao et al., 2011). The moment-
curvature response of prestressed CFST beams followed a similar pattern for all specimens: Concrete begins to
fracture; extreme concrete fiber reaches the compressive strain (gcy = 0.0035); prestressed strand and steel flange
start to yield under tension; the compression flange starts to buckle locally; the specimen reaches ultimate
moment. On average, the cracking moment of the prestressed CFST beam is 19% of M,. Out of four specimens
under four-point loading conditions, it was reported that the highest cracking moment of 210 kN-m was observed
for the CFST beam with a nominal B/t ratio of 50.0 for C50 concrete, which was 0.27 times M,. On the other
hand, under three-point loading, the highest cracking moment of 190 kN-m was observed for the CFST beam
with a nominal B/t ratio of 37.5 for C50 concrete, which was 0.18 times M, (Zhan et al., 2016). Lastly, by
investigating the influence of axial compression ratio and geometry on displacement behavior, good ductility was
observed in most specimens with an axial compression ratio less than or equal to 0.4. Specimens with less a,/D
reached most significant peak load and less displacement. The second-order effects influenced more the
specimens having I-shaped profiles (W.-D. Wang et al., 2021).
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Figure 2. Comparative analysis on peak M, (Gho & Liu, 2004; Han, 2004; Han et al., 2015; Uy, 2001)

4.5 Flexural Strength and Stiffness

Flexural strength and stiffness are key parameters that define the overall bending performance of CFST beams
compared to conventional RC members. Experimental findings revealed that for concrete encased CFST box
members, cracking moment (Mcr) was about 20-30% of the experimental value of ultimate moment (M), yield
moment (My) was about 65-75% of M, and serviceability moment (Ms) was about 40-50% of M. The
Strength Index ranged from 1.32 to 2.17, indicating 30-117% higher capacity due to the CFST core (Han et al.,
2015). Comparisons with RC deep beams further emphasized the superiority of CFST members in shear
resistance. RC deep beams (for a,/D < 3) collapsed primarily because of shear cracks, which stirrups could not
well resist. Conversely, CFST beams were sheared using the constant steel tube, like a heavy stirrup bearing
vertical and longitudinal loads. This steel tie binding effect prevented shear cracks, maintaining low concrete
shear stress, leading to uniform flexural performance at shear-span ratios between 1.5 and 6.0 (H. Lu et al,,
2009). Whereas a typical flexural failure mode was demonstrated by crushing the concrete slab above the neutral
axis in a composite T-beam (Ding et al., 2024). Additionally, the role of loading direction and internal
connectors was explored. During positive bending, there was greater flexural strength (372.772 and 376.222 kN-
m) on SC-P and FC-P, respectively, than on FC-N in negative bending of 328.01 kN-m. Both exceedances were
approximately 23-26% against the theoretical prediction, suggesting that strain hardening and the concrete slab
played a vital role. The internal shear connectors had minimal impact on overall flexural strength in both
scenarios but influenced crack patterns; SC-P exhibited localized cracks at the connector positions, whereas FC-
P indicated distributed cracks (Cho et al., 2018). In reinforced concrete beams, a slight increase in flexural
strength at a fixed concrete grade is observed if compression reinforcement is added without increasing tension
reinforcement (Kwan et al., 2002).
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5 Discussion

Considerable progress has been made in understanding the structural behavior of CFST members in the past
decades. Although CFST members demonstrate superior flexural strength, ductility, and shear resistance
compared to conventional steel or RC members, there are still several gaps, particularly about the flexural
performance of large-scale CFST beams and columns in real-world applications. Conclusions and
recommendations for further studies can be summarized as follows:

1. Local buckling and tension-zone cracking often reduce steel-concrete interaction at high bending moments.
While strengthening methods like CFRP wrapping and prestressing show promise, more research is needed on
their effectiveness for large girders and long-span beams under combined flexural-torsional loads. Future studies
should explore hybrid CFRP-steel confinement and alternative infill materials with better tensile resistance to
mitigate cracking and delay buckling.

2. Geometric parameters such as slenderness, width-to-thickness ratio, and cross-sectional form greatly
influence failure modes and ultimate strength. Full-scale testing and long-term monitoring are essential for
assessing durability under dynamic effects, fatigue, and environmental conditions.

3. Research should focus on improved grouting, manufacturing methods, and predictive models that account
for any initial imperfection or use of sustainable materials, i.e., RAC.

4. Current design codes are primarily based on normal-strength materials. With the increasing use of high-
strength steel, updated provisions, and analytical models are required to predict flexural capacity and failure
mechanisms in modern CFST systems.
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